The nanosecond response of a PbTiO 3 =SrTiO 3 ferroelectric/dielectric superlattice to applied electric fields is closely linked to the dynamics of striped domains of the remnant polarization. The intensity of domain satellite reflections observed with time-resolved x-ray microdiffraction decays in 5-100 ns depending on the magnitude of the electric field. The piezoelectric response of the superlattice within stripe domains is strongly suppressed due to electromechanical clamping between adjacent regions of opposite polarization. Regions of the superlattice that have been switched into a uniform polarization state by the applied electric field, however, exhibit piezoelectricity during the course of the switching process. We propose a switching model different from previous models of the switching of superlattices, based instead on a spatially heterogeneous transformation between striped and uniform polarization states. Ferroelectric/dielectric superlattices have intriguing electronic and structural properties arising from the nanoscale interaction of ferroelectric polarization, crystallographic symmetry, and epitaxially imposed strain [1] [2] [3] [4] [5] [6] [7] . Electrostatic boundary conditions at the multitude of ferroelectric/dielectric interfaces within the superlattice result in the extension of the spontaneous polarization into the dielectric component. The spontaneous polarization is not perfectly screened by interfaces with electrodes or air, leading to the formation of 180 stripe polarization nanodomains [8] [9] [10] . Features such as the period of the stripe domain pattern are determined by the complex series of contributions to the energy of the superlattice including the electrostatic effects arising from uncompensated charges and the mechanical stress applied by the substrate [11, 12] . External electric fields perturb this energy landscape and can result in a transformation of the stripe pattern to a uniform polarization. Theoretical studies have yielded a range of predictions, including that the polarization of the ferroelectric and dielectric components have different dynamic responses [8] . Experiments probing the structural response of ferroelectric/dielectric superlattices have been limited to slow time scales of milliseconds to seconds and have not captured the dynamical aspects of the superlattice response [9, 13] .
Ferroelectric/dielectric superlattices have intriguing electronic and structural properties arising from the nanoscale interaction of ferroelectric polarization, crystallographic symmetry, and epitaxially imposed strain [1] [2] [3] [4] [5] [6] [7] . Electrostatic boundary conditions at the multitude of ferroelectric/dielectric interfaces within the superlattice result in the extension of the spontaneous polarization into the dielectric component. The spontaneous polarization is not perfectly screened by interfaces with electrodes or air, leading to the formation of 180 stripe polarization nanodomains [8] [9] [10] . Features such as the period of the stripe domain pattern are determined by the complex series of contributions to the energy of the superlattice including the electrostatic effects arising from uncompensated charges and the mechanical stress applied by the substrate [11, 12] . External electric fields perturb this energy landscape and can result in a transformation of the stripe pattern to a uniform polarization. Theoretical studies have yielded a range of predictions, including that the polarization of the ferroelectric and dielectric components have different dynamic responses [8] . Experiments probing the structural response of ferroelectric/dielectric superlattices have been limited to slow time scales of milliseconds to seconds and have not captured the dynamical aspects of the superlattice response [9, 13] .
Nanosecond switching phenomena in uniformly polarized ferroelectrics are accurately described by models of the nucleation of domains with reversed polarization and the subsequent motion of domain walls [14, 15] . Far less is known about the transition from striped nanodomains to uniform polarization in a ferroelectric/dielectric superlattice. In this Letter, we describe the structural response of superlattices at the nanosecond time scale, based on a time-resolved x-ray microdiffraction study. We show that the dynamics of the superlattice as a whole is connected to the evolution of the striped domains, which occurs at a rate that depends on the magnitude of the applied electric field. We also show that piezoelectric expansion within striped domains is effectively clamped, as has been predicted for 180 domain walls in ferroelectrics [16] , and thus differs from the average piezoelectricity of the regions of the superlattice that have reached the uniform polarization state. We thus propose that the transformation occurs by a heterogeneous switching model, distinct from the simple motion of domain walls, based instead on the conversion of areas of the film to the uniform polarization state.
A superlattice with a repeating unit consisting of 12 unit cells of PbTiO 3 and 3 unit cells of SrTiO 3 , with a total thickness of $100 nm, was deposited on a (001)-oriented SrRuO 3 =SrTiO 3 substrate using off-axis rf magnetron sputtering [17] . Pt top electrodes with a diameter of 50 m allowed an electric field to be applied along the surface normal; the SrRuO 3 (SRO) layer, with a thickness of $20 nm, served as a continuous bottom electrode. X rays with photon energy of 10 keV were focused to a 200 nm spot using a Fresnel zone plate at station 7ID-B of the Advanced Photon Source. A gated area detector (Pilatus 100K, Dectris Ltd.) acquired the distribution of scattered intensity in reciprocal space [18] . During acquisition, electric-field pulses were repeated at a rate of 18 kHz and synchronized to the storage ring with a variable delay [19] . The area detector was gated to measure the diffracted intensity arising from x-ray bunches with the desired timing relationship to the applied field, i.e., at a specified time before or after the beginning of the electric-field pulse. The piezoelectric response of the superlattice was
0031-9007=11=107(5)=055501(4) 055501-1 Ó 2011 American Physical Society used to synchronize the x-ray and electric-field pulses [20] . Time-resolved diffraction patterns were accumulated by using thousands to millions of electric-field pulses to achieve sufficient counting statistics. The zero-field three-dimensional distribution of diffracted intensity in reciprocal space was reconstructed by using a large number of two-dimensional diffraction patterns. Figure 1 (a) shows a planar section through reciprocal space at Q x ¼ 0. Here Q i with i ¼ x, y, or z are components of the scattering wave vector along the axes inset in Fig. 1(a) . The section of reciprocal space in Fig. 1(a) includes a series of reflections arising from the periodicity of the superlattice along z. Domain satellite reflections appear at the same Q z as the superlattice reflections, with a nonzero Q y component arising from periodicity of the in-plane stripe domain structure. Superlattice structural reflections along Q y ¼ 0 have peak intensities approximately a factor of 2000 higher than the intensities of the corresponding domain reflections. Based on the reciprocal-space position and width determined from Fig. 1(a) , the stripes have a period of 9.5 nm and a coherence length of 20 nm. Figure 1 (b) shows a planar section of reciprocal space with Q z ¼ 3:106 A À1 , so that the section passes through the intense superlattice reflection visible in Fig. 1(a) . The intensity in the domain satellite reflections is distributed in a ring of constant radius around the z axis, for which the ratio of the intensities in the strongest and weakest directions is approximately two. We thus deduce that the stripe domains have nearly random in-plane orientations. The time scale associated with the response to external electric fields can be determined by using the piezoelectric shift of the superlattice reflection to smaller Q z . Figure 1(c) shows that the expansion occurs over approximately 100 ns during a 150 ns-duration 0:84 MV=cm applied field, with a piezoelectric coefficient of 36 pm=V.
The changes of the domain structure induced by an applied electric field were probed by using the time dependence of the domain satellite reflections. To simplify the analysis, the electric field is treated as uniform in both the vertical and lateral directions. The domain reflections exhibit a negligible change in Q z during the electric-field pulses, which shows that piezoelectricity within the stripe domain is strongly suppressed. We attribute the absence of piezoelectric expansion in the domain satellites to electromechanical clamping, which allows the system to avoid the high elastic energy cost of a discontinuity of the lattice constant at domain walls [16] . We consistently observed no piezoelectric shift of the stripe domain reflection for any amplitude of the applied field. As shown in Fig. 2(c) , the Q y component of the domain reflection also remained unchanged under various electric fields, in agreement with the field independence of the in-plane periodicity reported in Ref. [9] . Zubko et al. interpreted long-time-scale x-ray diffraction measurements of domain reflections using a model in which the volume fraction of the favorable polarization increases via a continuous displacement of each domain boundary in the stripe pattern [9] . In this continuous-displacement model, piezoelectric distortion would develop in the domain reflection at the same rate at which it appears in the superlattice reflections. Our experimental observations, however, are incompatible with this prediction of the continuous-displacement model. Domain reflections, which do not exhibit piezoelectric expansion, are found at the same times at which expansion is evident in structural superlattice reflections. In a second model, Lisenkov, Ponomareva, and Bellaiche predict that remnant polarization in the dielectric component is switched earlier than in the ferroelectric component because the electrostatic energy required to switch the dielectric component is lower due to its slightly smaller polarization [8] . We anticipate that if the polarization of the dielectric component is switched in the manner proposed in Ref. [8] , then the domain reflection would be shifted along Q z , due to the accommodation of the new structure. This effect is not observed in our experiments, and we conclude that Lisenkov's model does not apply under the conditions of our study.
We propose an alternative heterogeneous switching model to account for the distinct structural evolution of stripe nanodomains and of the overall superlattice in applied electric fields. Here, the electric field results in the creation and expansion of areas of uniform polarization spatially separated from unswitched regions that remain in the stripe domain phase, as in Fig. 2(d) . The characteristic size of switched and unswitched regions during this transition is unknown and requires further investigation. The volume of the switched regions increases, and eventually the sample reaches a homogeneous state of uniform polarization. A complete transition to a uniform polarization state is achieved in electrical measurements with bipolar triangle voltage waveforms in which each voltage polarity is applied for 0.6 ms.
The key prediction of the heterogeneous switching model is that the switched regions are sufficiently large that they are free from the mechanical clamping effect limiting the piezoelectricity of the striped regions and that the switched regions thus exhibit piezoelectric expansion. The difference between the piezoelectric distortion of the domain and superlattice reflections, as in Fig. 2(a) , occurs because the domain reflections arise from unswitched regions while superlattice reflections arise from both the switched and unswitched areas. The footprint of the focused x-ray beam is far larger than the 20 nm coherence length of the stripe domain pattern, and x rays diffracted from both unswitched and switched domain regions are detected simultaneously in each diffraction pattern.
The electric-field dependence of the striped-domain dynamics is apparent in measurements of the intensities of the domain reflections during field pulses of several magnitudes. A series of diffraction patterns are shown in Fig. 3(a) at a sequence of times during a 0:84 MV=cm electric field. The intensities of the domain reflections are proportional to the volume of remaining unswitched striped nanodomains, which decreases during the switching process, as shown in Fig. 3(a) . Note that the piezoelectricity of the superlattice reflection is not apparent in Fig. 3 , an artifact arising 055501-3 because the 0.1 convergence angle of the incident x-ray beam is sufficient to produce a weak superlattice reflection at these diffractometer settings despite the shift of the peak of the superlattice reflection to lower Q z . The monotonic decrease of the integrated intensities of the domain reflections as a function of time is apparent in Fig. 3(b) for several magnitudes of the applied electric field. We have isolated the contribution of the domain reflection to the intensity by subtracting intensities arising from a uniform background and from the tail of the strong superlattice reflection. Domain reflections are evident even after durations as long as 150 ns at electric fields as high as 1:68 MV=cm, indicating that complete conversion to uniform polarization requires longer than this interval.
The magnitude of the electric field has a profound effect on the rate of the change of the intensity of the domain reflection. The time scale for switching was extracted from the data in Fig. 3(b) by fitting the time dependence of the intensity with an exponential decay and extracting time constant . This exponential, to which we attach no specific physical meaning, is a convenient model-independent approach for extracting the characteristic time for switching. We note that the exponential decay to zero intensity is a poor fit to the data at intermediate electric fields, e.g., 0:84 MV=cm, indicating that the dynamical changes may involve more than one fundamental time scale. The electric-field dependence of the characteristic time determined in this way is shown in Fig. 4 . Increasing the magnitude of electric fields from 0:30 to 1:68 MV=cm reduces by more than an order of magnitude. For comparison, the coercive field was just 0:25 MV=cm in polarization hysteresis measurements performed at far longer time scales using triangle waveforms with a frequency of 833 Hz, approximately equivalent to pulses of 0.6 ms.
The strong field dependence of the characteristic time for the transformation to the uniform polarization state arises from the competition among the electrostatic energy gained by switching to a uniform polarization state, electromechanical energy, and the electrostatic energy gained by forming nanodomains. The applied field both shifts the minimum-energy state of the system and determines the kinetics of the switching process, consequently setting its time scale.
In probing the response of the superlattice stripeddomain pattern to applied fields, we have found that nanodomains can be manipulated on short time scales, with a proposed mechanism that is quite different than the conventional motion of ferroelectric domain walls. The superlattice dynamics occur with characteristic times that are already as low as several nanoseconds at fields in the MV=cm regime. This effect leads to the possibility that the striped degree of freedom can be manipulated in device structures with gigahertz operating frequencies. Higher fields may open opportunities to understand the coupling between polarization and lattice deformation at time scales down to 1 ns or less.
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